The paper presents a novel 6th order continuous-time, force-feedback band-pass sigmadelta modulator control system for the sense mode of micromachined vibratory gyroscopes. Compared with the architecture using a low-pass sigma-delta modulator, this band-pass solution uses a much lower sampling frequency for the sigma-delta modulator and thus reduces the requirement for frequency response of the detection interface and control electronics. In this work, the sigma-delta modulator operates at only 40kHz which allowed its implementation in a continuous-time circuit using discrete electronic components on a PCB; this has the advantage of simple prototyping and can improve the signal anti-aliasing characteristics.
INTRODUCTION
The principle of operation of a vibratory gyroscope is based on the Coriolis force. In the drive mode, the proof mass is electrostatically excited to oscillate with a constant amplitude and frequency in a fixed direction. This oscillation is usually controlled by a closed loop control system, which will not be discussed here. If the sensor is rotated, a Coriolis force is induced on the proof mass in the orthogonal direction to the excited vibration, and the displacement of the proof mass can be detected by a capacitive readout circuit. To increase the bandwidth, reduce nonlinearity and improve the immunity to fabrication tolerances, it is of considerable advantage to include the sense mode in a closed loop, force feedback control loop. An effective control strategy is based on a lowpass sigma-delta modulator [1, 2, 3] , however, this requires a high sampling frequency due to the relatively high mechanical resonant frequency and results in demanding requirements for the interface circuits. A gyroscope is usually designed having high mechanical quality factors to increase the sensitivity of the output response and can thus be regarded as two resonators coupled by the Coriolis force in drive and sense mode. Furthermore, the output characteristic of vibratory rate gyroscopes is a narrow-band amplitudemodulated signal. Therefore, a band-pass sigmadelta modulator [4] is a more suitable control strategy for a vibratory gyroscope than a low-pass sigma-delta modulator.
SENSING ELEMENT
The SAR10 microgyroscope sensing element developed by SensoNor [5] is used to demonstrate the proposed control system. The Q-factor for the sense mode is typically 200-250. The Q-factor for the drive mode is typically 35000-45000. The transfer function of the sensing element in the sense mode is plotted in fig.1 , which shows its resonant frequency is about 10kHz. 
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The 14th International Conference on Solid-State Sensors, Actuators and Microsystems, Lyon, France, June 10-14, 2007 Fig.2 shows the sense mode block diagram using a continuous-time (CT) band-pass 6th order sigma-delta loop. The sensing element is used as the first resonator. The gain K po represents the conversion gain from the proof mass displacement to voltage. Two electronic resonators are cascaded to provide additional noise shaping. There is no requirement for a phase compensator as it would be in a low-pass sigma-delta modulator. To derive a continuous-time sigma-delta modulator from its equivalent discrete-time (DT) architecture, a multi-feedback topology should be adopted. Both half-return-zero (HRZ) DAC and return-zero (RZ) DAC, each with separately tunable gains K hrz and K rz , are used to provide multi-feedback waveforms to retain the same frequency response as a DT sigma delta modulator [6] . The output bitstream from the one-bit quantizer controls the HRZ and RZ DACs. The transfer function of two electronic resonators is in the format of: 
SYSTEM LEVEL SIMULATION
where y ω is the resonant frequency in sense mode. A Simulink model used for system level simulations is shown in Fig.3 . The sampling frequency fs is 40 kHz, which is four times the mechanical resonant frequency fy. The model also considers the electronic noise from the preamplifier which is usually the dominant noise source; therefore an input-referred electronic white noise source with a value of 10 nV/ Hz is placed at the input of the amplifier. K bst is an additional boost amplifier gain. For zero angular rate input, the output simulated spectrum of the control system is obtained by performing a 65536-points FFT on the modulator output bitstream and is plotted in Fig.4 ; the notch denotes the band-pass characteristics centered at 10 kHz. The noise floor is below -110dB/ Hz. Fig.5 shows the front-end circuit diagram of the gyro control system. In the excitation loop, the electrodes are driven by an anti-phase AC voltage Vac1 (typically 75-150mVpeak) plus a tunable DC bias Vdc1 (3.8-2.5V). In the sense mode, the two detection electrodes are shared by a timemultiplexing scheme. The differential feedback voltage VFB and DC bias Vdc2 (3.8-0.9V) are applied 75% of the sampling cycle time and the remaining 25% is used for capacitive readout. The analog switches S1-S7 control the voltage-to-force conversion of the feedback and the capacitance variation readout. The sense mode has nominally a 4D2.4
CIRCUIT IMPLEMENTATION
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A voltage pulse Vac2 is applied during the readout phase, while a DC bias Vdc3 (3.8V) is continuously applied to the proof mass to ensure a higher potential than the electrodes; this is required due to protective PN-diodes between the proof mass and the electrodes. The charge amplifiers and demodulators are using a differential design to suppress common-mode noise and power supply variations. 6 shows the fully-differential structure of an active RC resonator used for the second and third electronic resonators of the system, which has the transfer function of (1). The Q-factor of this resonator can be at least 100. The system was simulated at transistor level using SABER. The waveforms of the output bitstream, RZ DAC and HRZ DAC are shown in fig.7 . The two DACs are implemented using analog switches which are controlled by the output bitstream and nonoverlapping clocks. For a sinusoidal input signal with 50 o /s amplitude at 64Hz, the spectrum is shown in fig. 8 . The SNR of the system can be expected 85dB within a 100Hz bandwidth.
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EXPERIMENTAL RESULTS
Fig. 9 Measured spectrum of output bitstream .
Fig. 10 Measured feedback voltage waveforms: detection electrode1 (upper) and detection electrode2 (lower).
Due to the unavailability of a rate table at present, a preliminary test was applied with zero input rotation. The output bitstream spectrum is measured by an Agilent 35670A FFT dynamic signal analyzer and shown in Fig.9 . It indicates a band-pass noise shaping around the mechanical resonant frequency 10kHz and a noise floor about -100dB/ Hz. This is in close agreement to the system level simulation shown in fig. 4 . However, this noise floor is about 10dB higher. This degradation is likely to be due to the excess loop delay [7] . Measured feedback voltage waveforms on the detection electrodes are shown in Fig. 10 .
The anti-phase superimposed feedback voltages are converted to electrostatic forces and applied on detection electrodes to pull the proof mass against the inertial force.
CONCLUSIONS
A digital control system for microgyroscope employing a 6th-order band-pass sigma-delta modulator has been described and implemented in a PCB prototype. The preliminary experimental result demonstrates the continuous-time control system has a noise floor below -100dB/ Hz in a 100Hz bandwidth.
